1. Introduction
===============

Nucleo-cytoplasmic trafficking is critical for many cellular processes including transcription, splicing, translation and the control of cell growth (reviewed in [@BIB44]) Cargos to be transported across the nuclear envelope contain a variety of different sequence motifs that are collectively called nuclear localization signals (NLS) for cargos that are to be imported into the nucleus, and nuclear export signals (NES) for cargos that are to be exported out of the nucleus. Each NLS (or NES) is recognized by a specific cellular receptor, and this NLS:receptor pair is said to represent a unique transport pathway ([@BIB67]). Transport receptors are classified as importins or exportins depending upon whether they mediate nuclear import or export.

To deliver cargos to the appropriate cellular compartment, all transport pathways must traverse a large, macromolecular structure called the nuclear pore complex (NPC) that is found embedded in the nuclear envelope ([Fig. 1](#FIG1){ref-type="fig"} ). The vertebrate NPC is composed of at least 30 different proteins and has a molecular weight of over 125 MDa ([@BIB18], [@BIB66]). Many of the proteins that make up the NPC contain a repeating FG amino acid motif and are thus defined as a family of proteins called nucleoporins (Nups) ([@BIB60]). The directionality of nucleo-cytoplasmic transport is thought to be provided by the small GTPase Ran, which is predicted to be in a GDP bound state in the cytoplasm, and in a GTP bound form in the nucleus (reviewed in [@BIB10]). Ran-GTP destabilizes import receptor:cargo complexes in the nucleus resulting in the release of cargo into the nucleoplasm. Conversely, binding of export receptors to cargos is stabilized by Ran-GTP and release of cargo occurs following hydrolysis of Ran-GTP in the cytoplasm.Fig. 1Schematic representation of the NPC. Major structural features discussed in the text are illustrated, including cytoplasmic fibrils and the nuclear basket. Approximate location of various Nups are shown. NE, nuclear envelope.

Many viruses that replicate in the nucleus are ultimately dependent upon nucleo-cytoplasmic transport for successful replication. Following entry, viral genomes must be imported into the nucleus for transcription to take place. Viral mRNAs must then be exported to the cytoplasm for protein synthesis to occur, and viral proteins are then imported into the nucleus where they can participate in viral replication and assembly. Finally, the replicated viral genomes must be exported to the cytoplasm. As would be expected for a process so critical to successful replication, a number of strategies employed by viruses to utilize this machinery have been described (reviewed in [@BIB35]).

In contrast, only a few examples exist of viruses inhibiting nucleo-cytoplasmic trafficking. For example, at late times during infection adenovirus mRNAs are efficiently exported to the cytoplasm while the export of cellular mRNAs is inhibited ([@BIB9]). The export of viral mRNA appears to be due to the shuttling ability of the E4 34 kDa protein in combination with the RNA binding activity of the E1B-55 kDa protein ([@BIB19]). While these same two proteins are responsible for the inhibition of cellular mRNA export, the underlying mechanisms responsible for this are not known ([@BIB5], [@BIB6], [@BIB29], [@BIB52], [@BIB72]). The influenza virus NS1 protein also selectively inhibits export of host mRNAs to the cytoplasm ([@BIB4], [@BIB24]). Inhibition of transport by NS1 appears to be due to its ability to impair 3′ end formation of cellular mRNAs through interaction with CPSF and PAB II ([@BIB15], [@BIB46]). Two other examples of viral inhibition of nucleo-cytoplasmic trafficking have been reported ([@BIB27], [@BIB31]). Interestingly, both of these cases involve RNA viruses that replicate entirely within the cytoplasm and involve interactions with the NPC.

2. Poliovirus induced inhibition of nuclear import
==================================================

Poliovirus is a positive stranded RNA virus that replicates in the cytoplasm of infected cells. Despite the cytoplasmic location of the viral replicative cycle, numerous reports suggest that host nuclear factors may play a role in picornavirus replication. For example, the cellular proteins La, Sam68, nucleolin and polypyrimidine tract binding protein (PTB) have all been shown to interact with poliovirus RNA or proteins ([@BIB14], [@BIB30], [@BIB39], [@BIB40], [@BIB70]). La, Sam68, nucleolin and PTB are predominantly nuclear in uninfected cells, but following infection with poliovirus they accumulate in the cytoplasm ([Table 1](#TBL1){ref-type="table"} and [@BIB7], [@BIB39], [@BIB40], [@BIB70]). The accumulation of these proteins in the cytoplasm of cells could be brought about by a variety of mechanisms, however, recent data suggests that poliovirus inhibits the nuclear import of these cellular factors, resulting in their accumulation in the cytoplasm of cells.Table 1Cellular nuclear proteins that accumulate in the cytoplasm of poliovirus and rhinovirus-infected cellsNuclear proteinCellular functions[a](#TBLFN1){ref-type="table-fn"}Viral targetsFunction in viral replicationReferences[b](#TBLFN2){ref-type="table-fn"}NucleolinrRNA transcription and processing, Pol II transcription, mRNA stability3′ NCR of poliovirus genomeRNA synthesis?[@BIB70], [@BIB28]hnRNP KTranslational silencing, mRNA stability??[@BIB27], [@BIB28]PTB[c](#TBLFN3){ref-type="table-fn"}Splicing, polyadenylationIRES of entero, rhino and cardiovirus genomesTranslation[@BIB7]LaPol III transcription, processingIRES of entero, rhino and cardiovirus genomesTranslation[@BIB40], [@BIB28]hnRNP A1mRNA transport, splicing??[@BIB27], [@BIB28]hnRNP CSplicing, mRNA stability??[@BIB27], [@BIB28]Sam68cell cycle control?, mRNA transport3D^pol^ of poliovirus?[@BIB39], [@BIB28][^1][^2][^3]

The initial observation that poliovirus might inhibit nuclear import came from the analysis of a green fluorescent protein (GFP) fused to a classical nuclear localization signal (GFP-NLS). The "classical" NLS is so called because it was one of the first identified and is the best characterized. Nuclear import via the classical pathway is mediated by a heterodimer, consisting of the NLS-binding adapter importin α~1~ and the receptor importin β~1~ that mediates transport of the cargo-receptor complex through the NPC (reviewed in [@BIB33], [@BIB38], [@BIB44]). Fusion of the classical NLS with GFP results in a protein that is predominantly nuclear in uninfected cells ([Fig. 2](#FIG2){ref-type="fig"} A). Following infection with poliovirus, however, this protein was observed to accumulate in the cytoplasm, similar to what was observed for La, Sam68, nucleolin and PTB ([Fig. 2](#FIG2){ref-type="fig"}B and [@BIB8], [@BIB27]). These findings indicated that poliovirus infection inhibited the nuclear accumulation of GFP-NLS and suggested that the classical nuclear import pathway was impaired.Fig. 2Relocalization of EGFP-NLS molecules in poliovirus-infected cells. (A) HeLa cells stably expressing EGFP were mock-infected or infected with poliovirus as indicated. Cells were processed and examined by fluorescent microscopy at 4.5 h after infection. EGFP fluorescence was visualized using a FITC filter. DNA: Hoechst-stained nuclei were examined with a UV filter. Merged: shows the FITC and Hoechst images merged. (B) HeLa cells stably expressing EGFP-NLS fusion proteins were examined as described in (A). Adapted from [@BIB27], with permission.

Using a similar approach, the status of the transportin import pathway was evaluated in poliovirus-infected cells. Transportin is the import receptor utilized by a number of different hnRNPs and was identified through its interaction with the M9 NLS of hnRNP A1 ([@BIB53]). The M9 NLS is a glycine-rich sequence that confers both nuclear import and export activity ([@BIB41]). Cargos containing the M9 NLS are imported to the nucleus via interaction with transportin, while the receptor responsible for export has not been identified ([@BIB33], [@BIB44]). Fusion of the M9 NLS to GFP (GFP-M9) results in a protein that is predominantly nuclear in uninfected cells. When the distribution of GFP-M9 was examined in poliovirus-infected cells, however, a significant amount was observed to accumulate in the cytoplasm ([@BIB27]). Relocalization required a functional NLS, as a GFP-M9 molecule containing a single amino acid substitution that disrupts interaction with transportin failed to redistribute in infected cells ([@BIB27]). In addition, endogenous cargos of the transportin pathway, such as hnRNP A1 relocalized to the cytoplasm of infected cells ([@BIB27]). Cumulatively, these results indicated that a second import pathway, that of transportin, was inhibited in poliovirus-infected cells.

Analysis of the distribution of hnRNP K in poliovirus-infected cells suggested that a third import pathway might be disrupted. Like hnRNP A1, hnRNP K is a nuclear protein that shuttles between the nuclear and cytoplasmic compartment. Shuttling of hnRNP K is mediated by an amino acid motif termed the K nuclear shuttling (KNS) signal ([@BIB42]). The import and export receptors that recognize the KNS signal have not been identified but competition experiments indicate that they are distinct from those used by the classical or transportin import pathways ([@BIB42]). The trafficking of hnRNP K was examined in infected cells by indirect immunofluorescence. The results of this analysis demonstrated that hnRNP K relocalized from the nucleus to the cytoplasm of cells following infection with poliovirus, and suggested that, in addition to the classical and transportin pathways, the KNS import pathway was disrupted during poliovirus infection ([@BIB27]).

The findings described above suggest that the classical, transportin and KNS import pathways are disrupted during poliovirus infection and provide a possible explanation for the cytoplasmic accumulation of nuclear factors. For example, nucleolin has a classical NLS ([@BIB62]) and the import of La has been recently shown to require components of the classical pathway ([@BIB59]). Thus, disruption of the classical import pathway would be predicted to result in the accumulation of nucleolin and La in the cytoplasm. The import of Sam68 ([@BIB32]) and PTB ([@BIB57]), on the other hand, appears to involve novel import pathways. This raises the interesting possibility that other import pathways, in addition to the ones mentioned above, may be disrupted during poliovirus infection.

Despite this possibility, poliovirus infection does not inhibit all trafficking pathways between the nucleus and the cytoplasm. This was demonstrated by monitoring the transport of a fusion protein consisting of the glucocorticoid hormone binding domain (GC), the HIV-1 Rev protein and GFP (REV--GC--GFP) ([@BIB37]). The GC confers hormone dependent nuclear import upon heterologous proteins ([@BIB51]). Consequently, in the absence of hormone ligand the REV--GC--GFP fusion protein is restricted to the cytoplasm, but following the addition of hormone it is rapidly (within 30 min) imported into the nucleus ([Fig. 3](#FIG3){ref-type="fig"} A and [@BIB37]). Although the receptor responsible for nuclear import of the GC has not been identified, import does not require importin α, suggesting that a non-classical pathway is used ([@BIB61]). The HIV-1 REV protein mediates nuclear export of REV--GC--GFP due to the presence of a leucine-rich NES that interacts with the cellular export receptor, Crm1 ([@BIB21]). The hormone induced import of REV--GC--GFP is reversible and following the removal of hormone, REV--GC--GFP is rapidly exported to the cytoplasm due to the Rev NES ([Fig. 3](#FIG3){ref-type="fig"}B and [@BIB37]).Fig. 3Nucleo-cytoplasmic trafficking of a glucocorticoid receptor-HIV REV fusion protein proceeds normally in poliovirus-infected cells. (A) HeLa cells were transiently transfected with a plasmid that encodes the REV--GC--GFP fusion protein; after 40 h, cells were either mock-infected (Mock-infected) or infected with poliovirus (Poliovirus-infected). Four hours after infection cells were untreated (−hormone) or treated with dexamethasone (+hormone) at 1 μM for 30 min prior to fixation. (B) Cells were transfected as described above and 40 h later were either mock-infected or infected with poliovirus and dexamethasone was added. Two hours later the cells were either fixed (+hormone), or dexamethasone was removed by washing once with PBS and adding fresh medium. Cells were processed for fluorescent microscopy 2 h after removal of dexamethasone (−hormone 2 h). (C) Same as in (B) except that leptomycin B (5 ng/ml, +LMB) was added following removal of dexamethasone. Top panels show GFP using a FITC filter and bottom panels show Hoechst staining of the same field using a UV filter. Adapted from [@BIB27], with permission.

When hormone was added to poliovirus-infected cells expressing REV--GC--GFP it was rapidly imported into the nucleus at a rate indistinguishable from that seen in uninfected cells ([Fig. 3](#FIG3){ref-type="fig"}A). Importantly, import of REV--GC--GFP occurred at time when endogenous cellular proteins had relocalized to the cytoplasm ([@BIB27]). These results demonstrated conclusively that the glucocorticoid receptor import pathway was functional in poliovirus-infected cells. Since REV--GC--GFP was imported into the nucleus it was now possible to determine the status of the Crm1 export pathway in poliovirus-infected cells. For this analysis, REV--GC--GFP was allowed to accumulate in infected cell nuclei, then hormone was removed, and the appearance of REV--GC--GFP in the cytoplasm monitored. Again, the appearance of REV--GC--GFP in the cytoplasm was indistinguishable from that of uninfected cells ([Fig. 3](#FIG3){ref-type="fig"}B). Accumulation of REV--GC--GFP could be blocked by the addition of leptomycin B, a specific inhibitor of Crm1 dependent export ([Fig. 3](#FIG3){ref-type="fig"}C and [@BIB73]), demonstrating that the export of REV--GC--GFP was mediated by Crm1 in poliovirus-infected cells. These results demonstrated that the Crm1 export pathway remained functional and suggest a certain level of specificity in the disruption of nucleo-cytoplasmic trafficking pathways in poliovirus-infected cells.

To specifically demonstrate that nuclear import was inhibited in poliovirus-infected cells, an in vitro import assay was employed. This assay utilizes digitonin-permeabilized cells that have been washed extensively to remove the soluble components required for nuclear import such as import receptors and Ran ([@BIB1]). The import assay is initiated by the addition of a source of soluble components such as rabbit reticulocyte lysate, GTP and an import cargo that can be easily detected in the cell nucleus ([@BIB2]). When poliovirus-infected cells were permeabilized with digitonin and incubated with an import cargo containing a classical NLS, RRL and GTP, very little of the import cargo accumulated in the infected cell nucleus, demonstrating that poliovirus-infected cells do not support the classical nuclear import pathway ([@BIB27]).

Translocation of receptor:cargo complexes through the NPC can be prevented by carrying out import reactions in the absence of energy or at non-physiological temperatures. Under these conditions translocation through the NPC is blocked, but energy independent interactions between the NPC and receptor:cargo complexes occurs, resulting in the accumulation of import cargo at the nuclear rim ([@BIB1]). This is thought to represent 'docking' of receptor:cargo complexes at the NPC and is one of the earliest steps in the translocation process. When digitonin-permeabilized poliovirus-infected cells were assayed in the absence of energy, very little of the import cargo accumulated at the nuclear rim, indicating that docking of receptor:cargo complexes at the NPC was inhibited ([@BIB27]). These results demonstrated convincingly that poliovirus infection results in an inhibition of the classical nuclear import pathway that may be caused, at least in part, by an inability of receptor:cargo complexes to successfully dock at the NPC.

The observation that receptor:cargo complexes do not dock at the NPC of poliovirus-infected cells suggested that infection disrupted this structure in some fashion. Analysis of a subset of Nups in poliovirus-infected cells revealed that two members of this family, Nup153 and p62, were degraded during the course of infection ([Fig. 4](#FIG4){ref-type="fig"} A). In contrast, the levels of soluble components of the transport machinery, such as the small GTPase Ran, importin-β, transportin or NTF2 remained unchanged ([Fig. 4](#FIG4){ref-type="fig"}A and Gustin and Sarnow, unpublished). Importantly, the degradation of Nup153 and p62 coincided with the relocalization of nuclear proteins to the cytoplasm and inhibition of import in vitro ([@BIB27]).Fig. 4Degradation of NPC proteins in poliovirus-infected HeLa cells. (A) Fifty μg of whole cell lysates prepared from mock-infected cells or cells that had been infected with rhinovirus for the indicated length of time were analyzed by immunoblotting with monoclonal antibody 414 to detect Nup153 and p62, or MS3 to detect nucleolin. Adapted from [@BIB27], with permission. (B) Changes to the NPC and transport pathways caused by poliovirus infection. X indicates transport pathway disrupted or Nup degraded. Question marks indicate that the status of these Nups in the NPC has not been determined. NE, nuclear envelope.

In vitro binding studies have shown that Nup153 and p62 can interact with components of the classical import pathway ([@BIB43], [@BIB45], [@BIB48], [@BIB63]). Thus, the loss of either of these components could result in an inhibition of nuclear import via the classical pathway ([Fig. 4](#FIG4){ref-type="fig"}B). The loss of Nup153 and p62 could also have effects that extend to other transport pathways such as those used by the cellular proteins shown to relocalize in poliovirus-infected cells ([Table 1](#TBL1){ref-type="table"}). For example, Nup153 has been shown to bind directly to Ran-GDP ([@BIB45]), while p62 is known to interact with NTF2, a protein required for the nuclear import of Ran ([@BIB47], [@BIB56], [@BIB64]). Thus, the loss of Nup153 or p62 could disrupt the normal trafficking of Ran within the cell and result in the defects described above. In addition, Nup153 can interact in-vitro with transportin ([@BIB45]), and disruption of this interaction could impair the nuclear import of transportin cargos, such as hnRNP A1. Recently, however, [@BIB71] reported the de novo assembly of NPCs using *Xenopus* oocyte extracts from which Nup153 had been depleted. These Nup153-deficient NPCs supported the import of a cargo bearing an M9 NLS, but not that of a cargo containing a classical NLS ([@BIB71]). Interestingly, depletion of Nup153 from Xenopus extracts resulted in the formation NPCs lacking many components of the nuclear basket ([@BIB71]). Thus, the inhibition of the transportin import pathway in poliovirus-infected cells may be attributable to loss of p62 or other, as yet unidentified NPC components.

While the loss of Nup153 and p62 could have effects that extend to multiple trafficking pathways, it is difficult to imagine how the loss of these two proteins could directly prevent docking of receptor:cargo complexes at the NPC ([Fig. 4](#FIG4){ref-type="fig"}B). Docking of receptor:cargo complexes is thought to occur at fibrils that extend into the cytoplasm from the NPC ([@BIB3]). Nup153 is found on the nucleoplasmic side of the NPC ([@BIB68]), while p62 is part of a complex of proteins found in the central channel of the NPC ([@BIB26]). As mentioned above, the NPC is composed of over 30 different proteins ([@BIB18]), and the status of only two of them have been examined directly in poliovirus infected cells. Thus, it will be interesting to determine if other components of the NPC, perhaps those present in the cytoplasmic fibrils, such as Nup358 are degraded or disrupted in some fashion during picornavirus infection.

3. Inhibition of nucleo-cytoplasmic trafficking by the vesicular stomatitis virus matrix protein
================================================================================================

Vesicular stomatitis virus (VSV) is an enveloped virus with a negative stranded RNA genome that replicates in the cytoplasm of cells. The most abundant protein in the VSV virion is the M protein and, as would be expected for a structural component, a variety of data implicate the M protein in the assembly and budding of VSV from infected cells **(**reviewed in [@BIB58]). Interestingly however, the M protein also encodes functions that are distinct from its role in viral assembly. For example, expression of the M protein has been shown to cause the cell rounding ([@BIB13]) and inhibition of transcription ([@BIB11]) typical of VSV infections. Genetically these different roles of the M protein in VSV infection can be separated. Mutations in M that disrupt assembly do not prevent inhibition of transcription, while mutations that prevent inhibition of host cell gene expression do not affect assembly ([@BIB12], [@BIB17]). In addition to these functions, expression of the M protein has been shown to inhibit a variety of nucleo-cytoplasmic trafficking pathways.

The initial observation that the VSV M protein could inhibit transport across the nuclear envelope came from studies in *Xenopus laevis* oocytes. Expression of the M protein in oocytes resulted in a dramatic inhibition in the export of U snRNAs, rRNAs and mRNAs to the cytoplasm and the import of proteins and snRNPs to the nucleus ([Fig. 5](#FIG5){ref-type="fig"} and [@BIB31]). The M protein did not block all transport through the NPC, as the export of tRNAs proceeded normally ([@BIB31]). Analysis of M proteins from different vesiculoviruses revealed that all maintained the ability to inhibit transport, indicating that this was a conserved feature of the M protein within the Vesiculovirus genus ([@BIB50]).Fig. 5Changes to the NPC and transport pathways caused by the VSV M protein. VSV M is thought to associate with Nup98 on the nucleoplasmic side of the NPC, but may also associate with other NPC components. The precise location of VSV M or the number of molecules present at the NPC is not known. X indicates transport pathway disrupted. NE, nuclear envelope.

Subsequent injection experiments in *Xenopus* oocytes revealed that VSV M acted from within the nucleus to inhibit transport ([@BIB49], [@BIB69]). When M was expressed in oocytes it inhibited transport and was detected in both the cytoplasm and the nucleus ([@BIB31], [@BIB49]). Injection of anti-M antibodies into the cytoplasm of oocytes expressing M prevented inhibition of transport and depleted the nuclear pool of M ([@BIB49]). Injection of these same antibodies into the nucleus blocked the M inhibitory activity but did not deplete M from the cytoplasm ([@BIB49]). As the antibody was restricted to the nucleus in this experiment, the result indicated that 'free' M in the cytoplasm could not inhibit transport. In agreement with this, Von Kobbe et al., demonstrated that a C-terminal truncation mutant of M (aa1-77) could still block transport, but only if it was injected into the nucleus of oocytes ([@BIB69]), indicating that VSV M present in the nucleus was responsible for inhibition of transport.

Analysis of the distribution of M protein in HeLa cells demonstrated that a fraction of M localized to the nuclear envelope and colocalized with NPC proteins ([@BIB49], [@BIB69]). Mutational analysis identified a short stretch of amino acids located in the N-terminus of M (aa51-59) that is required for inhibition of transport ([@BIB49], [@BIB69]). Mutations within this region block the ability of M to inhibit transport and prevent association with the NPC. Using bacterially expressed VSV M and soluble extracts from HeLa cell nuclei, [@BIB69] identified Nup98 as an NPC component that interacted with the M protein. The lectin wheat germ agglutinin could compete with M for binding to Nup98, suggesting that interaction involved O-linked *N*-acetylglucosamine moieties present on Nup98 ([@BIB69]). The inability to detect interaction of M with bacterially expressed or in vitro translated Nup98 supported the interpretation that M interacted with a glycosylated form of Nup98 ([@BIB69]). Importantly, a mutant form of M that did not inhibit transport or localize to the NPC did not interact with Nup98 in this assay ([@BIB69]). Thus, there appears to be a functional correlation between interaction with Nup98 and disruption of nucleo-cytoplasmic trafficking.

To further characterize the significance of the M-Nup98 interaction, the distribution of VSV M in murine Nup98 knockout cells was examined. In wild-type mouse cells, as in HeLa cells, a significant fraction of a GFP-M fusion protein was found at the nuclear rim ([@BIB69]). In cells lacking Nup98, however, much less VSV M was associated with the nuclear rim, suggesting that interaction with Nup98 directed M to the NPC ([@BIB69]). It should be pointed out, however, that a small amount of VSV M was detected at the nuclear envelope in Nup98 knockout cells, and this may be due to an inherent ability of M to associate with membranes ([@BIB69], [@BIB74]). Alternatively, inhibition of transport by M may involve interaction with as yet unidentified NPC components. Because of this, it would be interesting to determine if M can still inhibit transport across the NPC in cells lacking Nup98.

Nup98 is an FG repeat containing nucleoporin that has been immunolocalized to the basket structure on the nucleoplasmic side of the NPC ([@BIB55]). In addition, Nup98 is also found associated with intranuclear filaments that extend from the NPC into the nucleus ([@BIB23]). Inactivation of Nup98 by injection of antibodies into *Xenopus* oocytes resulted in defects in snRNA, rRNA and mRNA export but did not inhibit tRNA export or protein import ([@BIB54]). Interestingly, these defects in RNA transport are very similar to those seen in *Xenopus* oocytes expressing the VSV M protein. Photobleaching studies revealed that Nup98 is mobile and moves between the nuclear filaments and the NPC in a transcription dependent manner, consistent with its role in RNA export ([@BIB25]). The observations that Nup98 interacts with transportin, the import receptor for hnRNP A1, suggests that it may have roles in nuclear import as well ([@BIB22]). Thus, disruption of Nup98 function by VSV M could account for the defects in export and import pathways observed in *Xenopus* oocytes expressing M ([Fig. 3](#FIG3){ref-type="fig"}). As mentioned above, however, antibodies to Nup98 did not inhibit protein import in *Xenopus* oocytes, indicating that VSV M may target additional components of the NPC to bring about inhibition of this transport pathway.

4. Why do viruses inhibit nucleo-cytoplasmic trafficking?
=========================================================

Inhibition of nuclear transport by RNA viruses could provide several advantages for virus replication and pathogenesis. For example, preventing the export of host mRNAs to the cytoplasm should reduce competition for the translation machinery and consequently increase viral protein synthesis. For RNA viruses that replicate in the cytoplasm, such as poliovirus and VSV, inhibition of nuclear import may contribute to the accumulation of nuclear factors in the cytoplasm were they could contribute to viral replication. In the case of poliovirus and rhinovirus infections, nuclear proteins known to accumulate in the cytoplasm have roles in a diverse array of activities pertaining to RNA metabolism including; transcription, processing, transport, translation and stability ([Table 1](#TBL1){ref-type="table"}). Clearly, these are activities that an RNA virus replicating in the cytoplasm might find useful.

Inhibition of nucleo-cytoplasmic transport could also impair the ability of cells to defend against viral invasion. For example, the interferon response pathway requires that signal transducers and activators of transcription (STATs) be imported into the nucleus to activate expression of genes encoding anti-viral functions (reviewed in [@BIB65]). Inhibition of nucleo-cytoplasmic transport could prevent the import of activated STATs or the export of target gene mRNAs, thus reducing the effectiveness of the interferon response. Interestingly, a recent study has revealed a link between the interferon response and the NPC. [@BIB20] found that expression of two NPC proteins, Nup98 and Nup96, was induced by interferon-γ treatment. Remarkably, induction of Nup98/96 expression by interferon-γ relieved the block to mRNA export caused by the VSV M protein ([@BIB20]). While the exact function of Nup98 in the antiviral response is not known, these findings suggest that rhabdoviruses, such as VSV, may target Nup98 in an effort to inhibit its antiviral activity. The finding that certain picornaviruses also target components of the NPC suggest that this could be a common mechanism by which RNA viruses inhibit the host response to infection. In support of this possibility, analysis of whole cell lysates has revealed that Nup98 is rapidly degraded following infection with poliovirus (Gustin and Sarnow, unpublished).

5. Inhibition of nucleo-cytoplasmic trafficking by other RNA viruses
====================================================================

Recent studies have revealed that other picornaviruses can also disrupt nucleo-cytoplasmic trafficking. [@BIB8] reported that a classical NLS-GFP fusion protein accumulated in the cytoplasm of cells infected with coxsackievirus B3. Although nuclear import or NPC components were not examined in this study, these results are consistent with coxsackievirus B3 infection disrupting nucleo-cytoplasmic trafficking. More recently, the analysis of rhinovirus type 14-infected cells has shown that other picornaviruses inhibit nuclear import and target Nup153 and p62 for degradation ([@BIB28]). These results demonstrate that viruses from two different genera in the Picornaviridae family have a similar inhibitory effect upon nucleo-cytoplasmic trafficking, and suggest that this may be common feature of picornavirus--host interactions.

Other RNA viruses may also disrupt trafficking between the nucleus and the cytoplasm. As discussed above, the influenza virus NS 1 protein has been shown to inhibit export of host mRNAs ([@BIB4], [@BIB24]). In this case, however, the inhibition appears to be a consequence of defective mRNA processing and not due to a disruption in nucleo-cytoplasmic trafficking per se or interaction with NPC components ([@BIB15], [@BIB46]). The cytoplasmic accumulation of hnRNP A1 in cells infected with mouse hepatitis virus suggests that the transportin import pathway may be disrupted in coronavirus-infected cells ([@BIB36]). The hepatitis C virus NS5A protein has been reported to interact with karyopherin β3, a member of the importin β family of proteins that has been implicated in ribosomal protein import ([@BIB16], [@BIB34]). Expression of karyopherin β3 can functionally complement the loss of two yeast importin β family members, PSE1/KAP121 and KAP123 ([@BIB16]). Interestingly, expression of NS5A in yeast blocks this complementation, suggesting that NS5A may inhibit the function of karyopherin β3 ([@BIB16]). Cumulatively, these findings suggest that inhibition of nuclear import may be a more common feature of RNA virus cytopathology than previously thought.

6. Conclusions
==============

Viruses frequently disrupt cellular processes such as transcription, translation and DNA synthesis (to name a few) in an effort to augment viral replication. It is intriguing that two unrelated RNA viruses disrupt nucleo-cytoplasmic trafficking and appear to do so by targeting components of the NPC. For VSV this requires association of M with the NPC mediated at least in part through interaction with Nup98. In the case of poliovirus, inhibition of transport correlates with the degradation of two NPC components, Nup153 and p62. As mentioned above however, both viruses may target as yet unidentified NPC proteins to bring about inhibition of transport. Identifying additional targets at the NPC will help to determine if common mechanisms may be responsible for the inhibition of nuclear transport mediated by these viruses. Exactly how widespread inhibition of nucleo-cytopasmic trafficking is and its role in viral replication remains to be determined.
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[^1]: Reported functions of indicated protein in uninfected cells.

[^2]: Reference demonstrating cytoplasmic accumulation of nuclear protein in infected cells.

[^3]: PTB has not been shown to accumulate in the cytoplasm of rhinovirus-infected cells.
